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I SUMMARY 

Consistent  operation  of  the  monopropellant  ro(5ket  motor  has  been  achieved 
at  chamber  pressures  of  from  300  to  900  psl,  with  artificial  modulation  of  the 
propellant  flow  rate  at  frequencies  up  to  100  cycles  per  second*  Thermal  de- 
composition of  ethylene  oxide  has  not  been  attained,  however,  and  in  order  to 
avoid  a lengthy  uonoprupellant  rocket  motor  development  program,  it  was  de- 
cided to  run  all  tests  with  a aaall  amount  of  gaseous  oxygen  (F/O  ratio  of 
about  20tl)«  Satisfactory  instrumentation  performance  has  been  achieved, 
although  difficulties  with  some  of  the  components  still  exist,  and  accuracies 
have  not  yet  been  precisely  determined.  Preliminary  pressure-lag  data  have 
be«i  taken,  but  it  is  felt  that  no  conclusions  can  be  drawn  until  more  In- 
formation is  obtained  concerning  instrumentation  accuracy. 

Tests  have  been  performed  on  the  hot-wire  liquid  flow  phasemeter  to 
determine  its  frequency  response.  These  tests  show  a time  constant  of  0,1^ 
milli-seoonds,  indicating  satisfactory  operation  at  frequencies  up  to  at 
least  2,000  cycles  per  second, 

Klncr  modifications  to  the  differential  water-cooled  catenary  diaphragm 
pressure  transducer  have  been  made,  and  the  Instrument  hae  bbsn  used  satis- 
factorily on  the  monopropellant  rocket  motor.  An  additional  modification 
to  the  water  cooling  passages  is  now  being  checked  for  resistance  to  high 
temperatures  and  high  heat  transfer  rates  on  a "screaming"  bipropellant 
rocket  motor  at<  the  NACA  Lewis  Flight  Propulsion  Laboratory, 

Design  of  the  bipropellant  rocket  system  has  been  initiated.  Liquid 
oxygen-100^  ethyl  alcohol  was  selected  as  the  first  propellant  combination 
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to  be  tested,  primarily  because  of  the  large  amount  of  previous  data  on 
Instability  and  perl'ormancs  with  this  combination*  Construction  is  ex- 
pected to  begin  early  this  summer,  and  shakedovn  operation  of  the  bl- 
propellant  system  ia  scheduled  for  Octooer* 
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II  INTRODUCTION 

A.  Object 

BuAer  Contract  NOas  ^2«713*>e  has  been  undertaken  as  a part  o.f  the 
jet  propulsion  research  program  of  the  Department  of  Aeronautical  iiingl^ 
neerlng  at  Princeton  to  "conduct  an  investigation  of  the  general  prob« 
len  of  combustion  instability  in  liquid  propellant  rocket  engines*  This 
program  shall  oonsist  of  theoretical  analyses  and  experimental  verifica- 
tion of  theory*  The  ultimate  objective  shall  be  the  collection  of  suf- 
floient  data  that  shall  permit  the  rocket  engine  designer  to  produce 
power  plants  which  are  relatively  free  of  the  phenorena  of  instability* 
Interest  shall  oanter  in  that  form  of  unstable  operation  which  is  char- 
aotarised  by  high  frequency  vibrations  and  is  commonly  known  as  'scream- 
ing"'* 

B*  History 

Interest  at  ft*lnceton  in  the  problem  of  combustion  instability  in 
liquid  propellant  rocket  motors  was  given  Impetus  by  a Bureau  of  Aero- 
nautics symposium  held  at  the  Naval  Research  Laboratory  on  the  7th  and 
6th  of  December  1950*  This  interest  resulted  in  theoretical  analyses 
by  Arofsssors  N*  Sunmerfleld  and  L*  Croooo  of  this  Center* 

Professor  Summer field's  work,  "Theory  of  Unstable  Combustion  in 
UqMld  Propellant  Rooket  Systesw”  (JARS,  Sept,  1951}#  considers  the 
effects  of  both  inertia  in  the  liquid  propellant  feed  lines  and  combus- 
tion chamber  capacitance  with  a constant  combustion  time  lag,  end 
applied  to  the  case  of  low  (\q}  to  about  200  cycles  per  second)  fra* 
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II  INTRODUCTION  (Cont'd.) 

B«  Hlvtory  (Cont'd*) 

quency  oscillations  sometimes  called  "chugging"* 

Professor  Crocco  advanced  the  concept  of  the  pressure  dependence 
of  the  time  lag  in  mid»1951i  his  paper^  "Aspects  of  Combustion  Stability 
in  Liquid  Propellant  Rocket  Motors"  (JARS>  Nov*  1951  and  Jan*»Feb*  1952)« 
presents  the  fundamentals  resulting  from  this  concept,  and  analyses  the 
cases  of  low  frequency  instability  with  monopropellants,  low  frequency 
instability  with  bipropellants  and  high  frequency  instability,  with  com- 
bustion concentrated  at  the  end  of  the  combustion  chamber* 

Desiring  to  subadt  the  concept  of  a pressure  dependent  time  lag  to 
experimental  tiwt  a preliminary  proposal  was  made  by  the  University  to 
the  Bureau  of  Aeronautics  in  the  summer  of  1951  and,  foUotdng  a formal 
request,  a revised  proposal  was  submitted  which  resulted  in  the  present 
oontrsct  dated  30  April  1952* 

Analytical  studies  of  distributed  combustion  had  been  carried  on  in 
the  mealtime  under  Professor  Crooco's  direction  and  within  the  sponsor- 
ship of  the  Ouggcnheim  Jet  Propulsion  Center  by  S.l*  Cheng  and  were 
Issued  as  his  Ph*D*  thesis,  "Intrinsic  High  Frequency  Combustion  Insta- 
bility In  a Liquid  Propellant  Rocket  Motor",  dated  April  1952* 

Time  was  devoted^  in  anticipation  of  the  contract,  during  the  first 
third  of  1952  to  constructing  facilities,  securing  personnel,  and  plan- 
ning the  e^qierlmental  approach* 
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II  INTRODUCTION  (Cont'd.) 

B*  ' Histoi'y  (Cont'd.) 

During  the  first  three  nK>n:  h period  of  the  contract  yeai>«  persoiuiel 
and  facilities  at  the  new  Jam«is  Forrestal  Research  Center  were  assigned^ 
and  the  Initial  phases  of  the  experimental  program  were  planned  In  some 
detail* 

A constant  rate  monopropellant  feed  systeu  was  designed  and  pre- 
liminary designs  of  the  ethylene  «clde  rocket  motor  and  the  Instrumenta- 
tion systems  wei's  worked  out*  Special  features  of  the  projected  systems 
included  a pulsing  unit  to  cause  oscillations  In  propellant  flow  rats«  a 
water-cooled  strain-gags  pressure  pickup  designed  for  flush  mounting  In 
the  rocket  chamberi  end  sewsral  possible  methods  for  dynamic  measurement 
of  an  oscillating  propellant  flow  rate* 

Searches  were  made  of  the  literature  for  sources  of  Information 
on  oombustlon  Instability  and  ethylene  oxidSf  and  visits  to  a number 
of  activities  working  on  liquid  propellant  rocket  combustion  Instability 
problsms  were  made  for  purposes  of  familiarisation  with  equipment  and 
results* 

The  basic  precepts  of  Crocco's  theory  for  oombustlon  Instability 
were  reviewed^  and  detailed  analyses  made  lor  specific  patterns  of  cosh* 
bttstlon  distribution*  , 


(^eratlonal  tests  and  calibration  of  the  Princeton-MIT  pressure 

pickup  proved  the  value  of  the  design,  although  failure  of  the  pickup 

under  "screaming**  rockot  conditions  showed  the  necessity  for  modification 
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II  INFORMATION  (Cont'd.) 

3*  History  (Cont'd.) 
of  the  oooling  system. 

Construction  of  the  monopropellant  test  stand  and  rocket  motor  was 
completed.  Modifications  were  made  to  the  Ihrlnceton-MIT  pressure  pickup 
to  provide  for  higher  peinnlselble  heat-transfer  rates  In  order  that  It  be 
satisfactory  for  use  under  "screaming*  conditions  in  a bipropellant  rocket 
motor*  Construction  and  preliminary  testing  of  the  hot-wire  flow  phase- 
meter and  its  associated  equipment  were  completed. 

Subsequent  efforts  are  presented  in  detail  in  this  report. 

C.  Schedule 


1.  Operations 

It  has  been  decided  that  since  theoretical  analysis  of  the  hlgh- 
frequenoy  instability  bipropellant  case  has  progressed  so  satisfactorily^ 
detailed  experimsntal  studies  of  monopropellant  rockets  and  of  low-frequeney 
Instability  in  bipropellant  rockets  hare  been  deemed  unnecessary,  and  hare 
been  dropped  from  the  program.  This  decision  involTed  a certain  amount  of 
rescheduling,  as  indicated  by  Figure  1. 

2.  Reports 

A new  contract.  NCas  53*3l7<^o.  has  been  granted  by  the  Bureau  of  Aero- 
nautics as  of  1 March  1953  to  continue  the  work  originally  authorised  under 
the  subject  contract.  NOas  52-713*0.  Since  the  new  contract  is  a direct  con- 
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II  INFORMAHOM  (Cont'd.) 

C,  Schedule  (Cont'd, } 

2*  Reports  (Cont'd.) 

tinuatlon  of  the  present  effort^  this  Fourth  Quarterly  Progress  Report 
will  replace  the  Final  Report  originally  specified  by  NOas  52-71>c. 
Aisoj  since  the  new  contract  overlaps  the  present  one  by  two  months*  the 
Fifth  Quarterly  ft'ogress  Report  (l.e,*  the  first  quarterly  of  Contract 
NOas  53-617>c)  will  cover  the  period  from  1 Hay  to  31  *luly  1?53* 


restricted 

SECURlWIltPoiWlTI  ON 


A*  Honopropellant  Rocket  Mot(»: 

Severe!  different  motor  configurations  were  used  in  an  effort  to  ob> 
tain  deconpositlon  of  ethylene  oxldey  as  will  be  described  later  in  this 
report*  The  final  arrangement*  which  has  been  used  on  all  subsequent  teats 
to  date*  is  Illustrated  In  Figure  2*  This  configuration  features  three 
oylindrloal  sections  each  6"  long*  used  with  the  original  nossle*  provid- 
ing an  L*  of  about  820  inches*  Ignition  is  supplied  by  two  Bendix-Soin- 
tills  high-pressure  high-power  spark  plugs  energised  by  a Bendiz-Seintilla 
TIm-10  generator  onit*  The  ethylene  oxide  injection  pattern  is  unchanged 
trom  the  oonflguratlon  illustrated  In  the  Third  Viuarterly  Progress  ^port* 
as  is  the  location  of  the  gaseous  oi^ygen  inlet  port*  The  oxygen  port  (in 
the  head  end  of  the  motor)  has  been  fitted  with  an  orifice  to  provide 
measurement  of  oxygen  flow  rate* 

The  pulsing  unit  was  delivered  in  March*  Although  it  has  been  used 
on  several  nms*  to  be  discussed  later  in  this  report*  several  modifications 
will  be  required  before  it  is  ooi^letely  satisfactory  for  application  to 
time-lag  measurements*  The  drive  motor  was  underpowered*  and  a larger  drive 
has  been  ordered*  The  original  motor  is  now  in  current  use*  but  has  the 
disadvantage  of  slowing  up  during  a run  so  that  a constant  flow  modulating 
frequency  cannot  be  obtained*  The  graphitar  piston  sealing  ring  proved 
entirely  unsatisfactory*  end  has  been  replaced  with  a double  teflon  "0”- 
ring  which*  however*  must  be  replaced  every  three  or  four  runs*  The  main 
connecting  rod  bearing  has  shown  appreciable  wear*  and*  although  this  con- 
dition was  somewhat  relieved  by  the  addition  of  a pressurised  lubricant 
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III  APPARATUS  (Cont'd.) 

A*  Honopropellant.  Rocket  Motor  (Cont'd*) 

supply,  the  olllte  sleeve  will  shortly  be  replaced  by  a needle  be«ringo 
Despite  these  dlfl'lcultles,  the  unit  has  been  In  continuous  use  at  Tre- 
quenolet  up  to  1$0  cycles  per  second  (9,000  RPM}«  Photographs  of  the  unit 
as  Installed  on  the  thrust  stand  appear  in  Flgvires  3 and 

i 

The  monopropellant  tank  has  finally  replaced  the  Intarias  tank  Ulus- 
trated  in  the  Third  Quarterly  Progress  Report*  The  new  tank  Installation, 

1 showi  in  Figure  5,  features  a full  length  high-pressure  sight  glass  which 

I, 

i nay  be  used  to  make  accurate  maasurenents  of  average  propellant  flow  rates* 

B*  Instrumentation 

All  InstruMsntatlon  required  for  the  nonopropelJant  systssi  haa  been 
dellrered,  with  the  exception  of  the  four-ohannel  filter*  Some  of  the 
items,  however,  are  Inactive  or  had  to  be  returned  due  to  malfunction  or 
failure  to  meet  spaoiflsations*  The  Ampex  magnetic  tape  recorder  head 
was  returned  to  the  vendor  for  adjustments  to  the  high-speed  playback 

I clrouit,  the  Id.  mass  flowneter  was  again  returned  to  have  its  exoessive 

I leakage  oorrected,  and  a sufficient  number  of  oiroult  difficulties  have 

been  encountered  on  the  Nlttelmann  electromagnetic  flowneter  to  preclude 
ev«i  a steady-state  calibration  of  the  instrument*  The  major  problem 
countered,  however,  has  been  the  matching  of  the  Advance  Sleotronios  DC 
dlffmrentlal  amplifier  to  other  circuit  oonq;)onents*  A solution  to  this 

I • 

I problaa  has  been  evolved  vdiich  requires  a difference  in  ground  level  of 

1 112  volts  between  input  and  output  signals  of  the  amplifier,  and,  although 
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III  /iPPMlATUS  (Cont'd.) 

B«  Instriunontation  (Cont'd.) 

the  instrument  has  boon  operated  satisl'actorlly  under  these  conditions^ 
convenience  dictates  that  an  alternate  anplifler  be  obtained*  For« 
tunateljr«  it  is  expected  that  only  a slight  delay  in  the  overall  sched- 
ule will  bo  occasioned  by  this  development* 

In  order  to  take  full  advantage  of  the  dual  channel  osoilioscope>  a 
Qeneral  Radlc  strip  film  oscillograph  oanera  with  a file  speed  range  of  from 
5 inches  to  35  feet  per  second  has  been  obtained*  Operation  of  this  instru- 
ment combination  has  proven  satisfactory*  as  is  evidenced  by  the  hot-wire 
data  included  later  in  this  report*  As  soon  as  the  tape  recorder  head  is 
returnedi  a series  of  callbratimis  will  be  made  on  all  recording  instru- 
ments to  determine  their  relative  accuracy  and  reproducibility* 

C^eration  of  the  Prlncet(n>>MlT  water-cooled  double  catenary  diaphragm 
pressure  pickup  has  been  satisfactory  in  the  monopropelleht  system*  Fur- 
ther calibrations  have  be<!Cii  postponed  due  to  the  urgency  of  obtaining  suf- 
ficient rocket  motor  operational  data  to  check  out  the  system*  but  '-hese 
calibrations  will  be  made  during  the  next  report  period*  Individual  bal- 
ancing bridges  and  power  supplies  have  been  constructed  for  each  projected 
channel*  and  have  been  Insertod  in  the  rocket  motor  control  panel  as  shown 
in  rigure  6*  This  equipment  has  operated  satisfactorily  on  all  runs  to 
date* 


The  differential  pickups  now  on  hand  are  all  pf  the  original  coolant 

passage  design*  which  was  demonstrated  to  be  inadequate  for  flush-mounting 
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III  APPARATUS  (Cont'd.) 

B.  Instrufflentatlon  (Cont'd. } 

in  a acreamlng  bipropellant  rocket.  (See  the  Second  Quarterljr  hrogreas 
Report).  Two  "dummy"  pickups  (l.e.»  without  strain-sensing  element) 
featuring  a coolant  passage  modification  which  will  increase  the  allow- 
able heat  transfer  have  been  delivered  to  the  Rocket  Laboratory  at  the 
NACA  Lewis  Flight  Propulsion  laboratory  In  Cleveland  for  operation  under 
bipropellant  screaming  conditions^  and  results  will  be  reported  as  soon 
as  they  become  available.  An  entirely  different  strain-gage  pickup  de- 
signed b.’  the  Control  Engineering  Corporation  of  Norwood*  Maesaohusetta 
has  also  been  delivered  to  the  NACA  for  evaluation.  The  basic  design 
of  this  pickup  follows  the  original  Ll-Draper  patent  in  that  it  incor- 
porates a single  catenary  diaphragm  which  actuates  a cylindrical  strain 
tube*  but  cooling  Is  accomplished  by  spraying  water  directly  onto  the 
back  of  the  diaphragm. 

Several  minor  modifications  have  bean  made  to  the  differential  pickup 
which  have  been  successful  In  eliminating  back  pressure  leakage  and  break- 
age of  the  necessarily  small  back  pressure  fitting.  No  difficulties  of 
any  sort  have  yet  been  encountered  in  operation  of  the  absolute  pressure 
pickup.  Figure  7 shows  one  operating  configuration  in  which  a differen- 
tial pickup  is  mounted  in  the  chamber  and  an  absolute  pickup  in  the  in- 
jector of  the  monopropellant  rocket  motor. 

The  hot-wire  flow  phasemeter  has  boen  calibrated  for  frequency  res- 
ponse in  several  different  ways*  as  described  later  in  this  report*  and 
is  now  ready  for  installation  in  the  flow  calibration  rig.  The  flow  rig 
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III  APPARATUS  (Cont‘d.) 

B.  Instrumentation  (Cont'd.) 

has  been  set  up  as  shotsi  In  Figure  8 (minus  an  Instantaneous  flometer 
due  to  forementioned  difficulties  tdth  the  liittelmann  and  11  meters) 
and  nonstead/- state  calibration  of  the  monopropellant  injector  orifices 
will  be  Initiated  in  the  near  future* 

C*  Bipropellant  Rocket  Motor  and  Feed  Systaa 

The  first  propellant  combination  to  be  evaluated  in  the  blpropel- 
lant  studies  was  selected  to  be  liquid  oxygen  and  ethyl  alcohol,  prl> 
narlly  because  of  the  large  amount  of  data  previously  accumulated  on 
the  performance  and  instability  characteristics  of  this  combination* 

The  flow  system,  thrust  stand,  rocket  motor,  and  instrumentation  systss 
have  been  .laid  out,  and  after  flnallaation  of  design  details,  purchasing 
of  components  and  construction  of  the  test  stand  will  oegln* 

The  flow  system  as  presently  conceived  consists  of  pressurised 
stainless  steel  tanks  feeding  through  Putter  flowmeters,  cavltatlng 
venturis,  and  a pulsing,  or  rather  flow  modulating  uxilt,  the  latter  con- 
sisting of  two  pistons  whose  phase  can  be  adjusted  with  respect  to  each 
other*  This  configuration  will  be  used  only  until  the  significance  of  the 
combustion  time  lag  in  bipropellant  motors  is  eabablish<  i,  and  the  flow 
modulating  unit  will  be  removed  before  studies  of  actual  instability  are 
begun* 

The  rocket  motor  will  consist  of  an  uncooled  copper  chamber,  in 
idd.eh  the  chanoer  pressure  pickups  will  be  mounted,  with  a water-cooled 
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m APPAIUTUS  (Cont«d*) 

» 

C*  Bipropellant  Rocket  Motor  and  Feed  Systan  (Cont'd;) 

copper  nozzle  and  an  Inqjlnglng-stream  injector  patterned  after  a design 
* used  extensively  by  Reaction  Motors,  Incorporated  for  instability  and 

' performance  studies*  Chamber  pressures  ranging  from  300  to  900  psl  will 

t be  used,  resulting  in  a thrust  range  of  approximately  2$0  to  800  pounds* 

•) 

y 

1 

I 

I The  instrumentation  systsn  will  be  patterned  after  the  present  mono* 

j propellant  system,-  utilising  the  double-dlephr&gm  water-cooled  pressure 

! pickups  as  its  principal  feature*  Additional  high-frequency,  high  per- 

I fornance  instruments  such  as  another  multi-beam  osollloscope  and  multi- 

j channel  FN  tape  recorder  (or  adaptation  of  the  present  reoorder)  will 

I 

also  be  required* 

I details  of  the  final  system  designs  will  be  presented  In  the  Fifth 

Quarterly  ^ogress  Report  of  Contract  NOas  53*^17-e* 
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IV  INFORMATION  AND  DATA 

A*  Monopropellant  Rocket  Motor 

Testing  during  this  report  period  consisted  of  three  partst  shakedown 
operation  of  the  monoprupellant  motor^  steady-state  tests  to  determine 
operating  limits  of  oxygen  flow>  and  nonsteady  tests  (during  which  the 
ethylene  oxide  flow  rate  was  nodulated  by  the  pulsing  unit)*  the  primary 
purpose  of  the  latter  being  oheokout  of  the  instrumentation*  Summaries 
of  the  three  phases  are  as  foUowsi 

1*  Shakedown  operation 

The  first  series  of  tests  was  made  with  the  rocket  motor  oonfiguration 
illustrated  in  Figure  3 of  the  Third  Quarterly  ^ogress  Report,  consisting 
of  tm  oyllndrieal  sections  each  six  inches  long  and  fire  inches  inside  dia- 
meter, and  the  same  nossle  and  head-plate  shown  in  Figure  2 of  the  present 
report*  t*  for  this  motor  was  570  inches*  operation  of  the  motor  was  satis- 
factory as  long  as  gaseous  oxygen  flow  was  maintained,  but  decoeg>OBitlon  of 
ethylene  oxide  could  not  be  sustained  when  the  oxygen  was  out  off*  A number 
of  configuration  changes  were  tried  at  chamber  pressures  from  300  to  700  psl 
without  success  (see  Monthly  Frogress  Report  for  March,  1953  for  details), 
culminating  in  two  runs  which  resulted  in  failure  of  the  neoked-down  nosale 
j^nge  bolts*  No  significant  damage  to  motor  or  thrust  stand  components 
ooourred  (see  Figure  9)$  and  the  explosions  were  later  traced  to  insufficient 
spark  Ignition*  This  was  corrected  botti  by  using  two  plugs  firing  alter- 
nately instead  of  the  single  plug  utilised  at  the  time  the  failures  occurred, 
and  increasing  the  roltage  s\4>ply  to  the  ignition  generator  unit*  No  sub- 
'quent  failures  hare  occurred  since  these  measures  were  taken* 
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IV  INFURMATION  AND  D..TA  (Cont'd.) 

A.  Honopropellant  Rocket  Motor  (Cont'd*) 

I*  Shakedown  operation  (Cont'd*) 

It  wae  decided  at  this  point  that  since  development  of  a monopropellant 
motor  utilising  the  pure  decomposition  of  ethylene  oxide  would  consume  val- 
uable contract  time  and  money,  and  since  small  amounts  of  gaseous  oxygen 
would  not  affect  the  application  of  the  time-lag  instability  theory  to 
aonoprope7.1snt  rocket  motors,  Uie  technique  of  using  oxygen  would  be  em- 
ployed on  all  future  "monopropellant " tests*  The  next  step,  then,  was  to 
detondne  how  much  oxygen  was  required,  and  to  establish  an  operating  value 
of  O/F  ratio* 

2*  Operating  Ualta  of  Oxygen  Flow  Rate 

An  or:ifioe  was  Installed  in  the  oxygen  injection  port,  and  calibrations 
were  made  using  Fischer-Porter  gas  Flosrators*  The  accuracy  of  these  cali- 
brations is  probably  no  better  than  ten  percent,  but  slnoe  the  only  purpose 
of  this  measurement  was  to  establish  some  fixed  operating  condition,  higher 
degrees  of  accuracy  were  deemed  unnecessary* 

A aeries  of  steady-state  tests  of  ten  seconds  duration  were  nuide*  Keep- 
ing the  etliylene  oxide  flow  rate  constant,  ^he  gaseous  oxygen  flow  was  varied 
from  a point  at  which  the  reaction  would  not  start  to  a value  at  which  per- 
formance became  nearly  constant*  This  was  repeated  for  three  values  of 
ethylene  oxide  flow  rate,  corresponding  to  nominal  chamber  pressures  of 
300,  6qQ,  and  900  pel* 

The  results  of  these  tests  appear  in  Figure  10,  diich  plots  specific 
Impulse  against  oxygen-ethylene  oxide  ratio  for  the  three  values  of 
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IV  INFlftMATION  AND  DATA  (Cont'd,) 

A*  Monopr<^ellanit  Rocket  Motor  (Cont*d.) 

2*  Operating  Limits  of  Oxygen  Flow  Rate  (Oont'd*) 

ethylene  oxide  flow  rate.  Also  included  are  several  con^arl&on  runs  at 
different  values  of  L*  obtained  by  removing  one  section  from  the  motor 
pictured  In  Figure  2. 

Saoh  point  of  Figure  10  represents  one  run.  bthylene  uxlde  flow  rate 
wee  obtained  by  a PotLer  flowetery  with  an  estimated  accuracy  of  - 
and  thrust  from  a LI  strain-gage  load  cell  recording  on  a Leeds  and  North- 
up  "Speedonax"  potentloneteri  with  an  eatlmated  overall  accuracy  of  - 2^ 

3*  Operation  With  Modulated  Propellant  Flow  Rate 

These  teata  were  run  with  the  motor  configuration  of  Figure  2 at  a 
nominal  ohamber  pressure  of  600  pel|  ueing  the  pulsing  unit  shown  in  Fig- 
ure U*  The  praaeure  pickup  configuration  uaad  waa  that  shown  In  Figure  7 
with  one  pickup  in  the  ohamber  and  one  in  the  Injector*  and  the  presaure 
data  was  recorded  clnultaneouely  on  nagnetlo  tape  (after  having  peseed 
through  Ballantyne  A.C.  ampllfiere}*  and  on  the  recording  oaoiUograph 
(after  amplification  through  Brush  D.C.  amplifiers)*  Typical  D.C.  record- 
ings of  one  run  (No.  Ii3)  are  shown  In  Figures  Ua*  12*  and  13*  shotdng  the 
start*  a point  two  seoonds  after  the  start*  and  a point  9 seconds  after  the 
start.  Figure  Ub  iUustratfS*  for  comparison  purposes  only*  typical  D.C. 
data  from  a run  without  flow  modulation  (No.  U6)*  Figure  lU  shows  an  un- 
flltered  section  of  Run  U3  ^Ich  was  played  back  Into  the  oscillograph  from 
the  Ampex  tape  recorder  at  one-twentieth  of  rsoordlng  tape  speed*  and  clearly 
Illustrates  the  excellent  time-scale  resolution  which  can  be  obtained  in  this 
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IV  INFORMATION  AND  DATA  (Cont'd.) 

A*  Monopropellant  Rocket  Motor  (Cont'd,) 

3,  Operation  with  Modulated  Propellant  Flow  Rate  (Cont'd, } 

way«  despite  the  fact  that  it  represents  only  one-fourth  of  the  maximum 
I possible  time-scale  ampllfloatlon  vdiich  can  be  obtained.  Note  that  the 

I data  of  this  figure  was  taken  through  an  A.C.  amplifier*  and  henue  only 

‘ the  modulated  portion  of  the  signal  appws  on  the  figure* 

I A plot  of  modulailng  frequency  against  time  for  the  Illustrated  run 

iq)pears  In  Flgwe  15,  clearly  demonstrating  the  pulsing  unit  slowdown  caused 
by  the  fact  that  the  drive  motor  was  underpowered.  The  magnitude  of  the 
pressure  oscillations  resulting  from  flow  rate  modulation  are  shown  In  the 
sane  figure, 

B,  Hot-Wire  Flow  Phasemeter 

Tests  to  determine  the  time  constant  of  a suitable  hot-wire  con- 
figuration were  made  as  a unit  investigation,  the  results  of  which  are 
presented  In  Appendix  A*  All  information  and  data  are  included  in  the 
body  of  the  Appendix,  It  Is  intended  that  development  of  this  item  will 
be  continued  toward  ultimate  use  in  the  calibration  of  pressure  pickups 
to  measure  Instantaneous  flow  as  described  In  the  Third  Quarterly  Progress 
Report, 

i 

f 
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V DISCUSSION 

A«  Monopropellant  Rocket  Motor  Tests 

1*  Shakedown  operation 

A number  of  possible  explanations  have  been  offered  for  the  failure 
of  the  monopropellant  rocket  to  decompose  ethylene  oxide  without  the 
presence  of  oxygen*  A few  of  these  include  (a)  unsuitable  Injection 
pattern*  (b)  excessive  irass-floi^to-volume  ratio*  (c)  excessive  number 
of  droplets  for  available  reaction  volume**  eto*  Unfortunately*  however* 
so  little  Is  known  about  the  physical  and  ohemloal  characteristics  of 
■onopropellant  decomposition  that  no  definite  cause  can  be  quickly  est> 
sblished*  The  attack  would  thus*  of  necessity*  become  a purely  en^lrloal 
test  program  such  as  has  been  pursued  by  other  monopropellant  rocket  ex- 
perimenters* and  expenditure  of  the  required  time  and  money  for  such  a 
program  was  not  deemed  advisable  or  necessary  to  the  subject  studyi  hence 
the  dsolsion  to  operate  with  small  amounts  of  oxygen  was  made*  later 
tests  indicated  that  only  minute  amounts  of  gaseous  oxygen  were  required 
to  sustain  the  reaction*  and*  as  will  be  Illustrated  below*  the  percentage 
change  in  performance  characteristics  which  results  from  the  uss  of  oxygen 
is  of  the  order  of  e^erimental  Instrument  error* 


* Sss  L*A*  Vlissmsn*  "Liquid  tVopellants"t  An  Analysis  of  the  Factors 
Determining  Combustion  Sff.icienoy  and  Soinsltlveneaa"*  British 
Ministry  of  Supply*  Explosives  Reeesroh*  and  Development  Report 
No.  42/R/5I  - SECRET  DISCREET 
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V DISCUSSION  (Cont'd.) 

A*  Monopropellant  Rocket  Motor  Testa  (Cont'd,) 

2,  Operating  limits  of  Oxygen  Flow  Rate 

Figure  10  shows  that  the  performance  of  the  "monopropellant"  rocket 
increases  appreciably  up  to  some  value  of  O/F  ratio,  after  which  the  in* 
crease  is  more  gradual.  It  Is  believed  that  the  initial  rapid  rise  rep- 
resents the  improvement  In  percentage  of  decomposition,  wiilch  reaches  its 
auudnum  value  In  the  neighborhood  of  the  "knee".  The  continued  small  in- 
crease in  performance  with  0^  ratio  altar  passing  the  "knee"  results  from 
the  additional  energy  supplied  bF  the  osygen-ethylene  oxide  combustion, 
which  would  eventually  reach  a peak  at  or  near  the  stoiohlometrio  mixture 
ratio.  The  desired  operating  point  would  be  at  an  O/F  ratio  sufficiently 
high  above  the  *knee"  so  that  the  10j(  variations  in  ethylene  oxide  flow 
rate  induced  by  the  pulsing  unit  will  never  result  in  an  o/F  ratio  below 
the  "knee",  Ihie  is  neceeeery  in  order  to  Isolato  the  eeeentlelly  phys- 
iosl  ei'l'ects  of  the  flow-rate  osoiUat  ons  from  the  chemical  effeote  of 
change  in  percentage  decomposition  of  propellant  mass  due  to  insufficient 
oxygen,  Typical  operating  points  are  indicated  in  the  figure. 

The  check  points  taken  at  lowur  values  of  L*,  although  not  sufficiently 
numerous  to  be  conclusive  evidence,  indicate  that  performance  is  sensitive 
to  this  parameter,  and  hence  the  future  standard  moj’or  configuration  will 
Include  all  three  sections. 


The  figure  also  Illustrates  that  the  effect  of  the  oxygen  flow  on 
performance  when  the  ethylene  oxide  oecillates  about  the  operating  point 
at  an  amplitude  of  « 10^  is  of  the  order  of  only  - 0,7^,  and  hence  is 
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V DISCUSSION  (Cont'd.) 

A.  Monopropellant  Rocket  Motor  Tests  (Cont'd*) 

2*  Operating  Limits  of  Oxygen  Flow  Rate  (Cont'd*) 

negligible  eompared  to  the  major  effect  of  the  ethylene  oxide  flow  varla- 
tione  (estimated  at  10)^  to  20^}* 

3*  Non-steady  operation 

As  was  pointed  out  in  the  previous  section^  these  tests  were  performed 
solely  for  the  purposes  of  equipment  checkout » since  the  performance  of  the 
instrumentation  has  not  as  yet  been  accurately  determined*  The  data  pre- 
sonted  should  be  considered  as  Illustrative  of  the  character  of  the  aeas- 
ureaents  which  can  be  obtained,  but  because  of  the  unknown  accuracy  of 
oalibrahions,  eto*,  and  of  the  shortcomings  of  the  Interisi  amplifiers  used, 
application  to  time-lag  theory  can  not  be  made  with  this  data*  It  is  ex- 
pected that  suitable  data  will  be  available  for  analysis  in  the  Fifth 
Quarterly  iVogress  Report*  Figures  11a  and  Ub  show  tyi)ioal  starts  of 
modulated  and  unmodulated  runs  respectively  as  recorded  on  the  6-channel 
Hathaway  oscillograph  after  amplification  by  a standard  D.C*  Brush  carrier 
amplifier*  The  low  response  of  this  instrumont  (of  the  order  of  300  cps) 
damps  out  any  high  frequency  osolllatLcns,  but  the  effect  of  the  flow 
pulsing  unit  (initially  set  at  100  cps)  is  clearly  shown  In  both  ths  ehsm- 
ber  prsssure  and  injector  pressure* 

The  uppermost  trace  le  a reference  frequency  of  100  opa*  The  middle 
trace  is  the  chamber  pf*easure  as  recorded  by  a flush-mounted  differential 
f^lckup,  and  the  lowcu*  trace,  ^ich  crosses  over  the  middle  one  during  the 
start  phaos,  is  the  feed  line  pressure  aa  measured  by  an  absolute  pressure 
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V DISCli;SION  (Cont'd.) 

A*  Monopropellant  Rocket  Motor  Teats  (Cont'd.) 
3«  Non-steady  operation 


pickup  mounted  in  the  injector  (see  Figure  7}*  The  effect  of  slowdown  of 
the  pulsing  unit  is  clearly  Illustrated  by  Figures  12  and  13»  i^lch  show 
later  portions  of  the  same  run*  Figure  12  is  taken  at  a point  two  seconds 
after  start  and  Figure  13  at  nine  seconds  after  start*  The  decreases  In 
both  Arequonoy  and  feed-line  oscillation  amplitude  are  obvious,  and  are  more 
clearly  shown  in  the  curves  of. Figure  1^*  The  decrease  in  feed-line  pres- 
sure anQ)JLltude  resvilts  from  the  fact  that  the  flow  rate  osolllation  Is 
achieved  by  vqrylng  the  feed-line  volume,  so  that  the  flow  rate,  and  hence 
the  pressurei  are  dependent  not  on  the  displacement  of  the  modulating  piston, 
but  on  the  rate  of  change  of  that  displacement*  Hence,  as  the  frequency  of 
oscillation  decreases,  the  rate  of  change  of  displacement  decreases,  showing 
in  the  data  as  a decrease  in  feed-line  pressure  amplitude* 


i The  capabilities  of  ths  instnaaentetlon  system  In  the  reproduction 

j of  data  may  be  observed  In  Figure  Iti*  The  data  of  this  figure  are  from  the 

; same  run  es  those  of  Figures  11,  12,  and  13,  but  ware  recorded  In  a different 

I 

manner*  Ths  outputs  from  the  pickups  ware  passed  through  A.C*  amplifiers, 
recorded  on  magnetic  tape  running  at  60  Inches  per  second,  snd  played  back 
at  3 inches  per  eocond  into  the  Hathaway  oscillograph*  (Note  that  the  oe- 
cillograph  chart  speed  was  set  at  $0  inches  per  second,  only  one-quarter 

I 

of  its  maximum  speed  of  200  inches  per  second)*  Again,  the  uppermost  trace 
is  the  100  cps  reference,  the  middle  is  the  chamber  pressure  pickup  output, 

! 

and  the  lower  is  the  feed-line  pressure  as  recorded  by  a picloq)  mounted  in 
{ the  iaOector*  Here,  not  only  the  100  ops  (approximately)  modulating  fra- 
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^ RNSTRIGT^  . 

V DISCUSSION  (Cont'd.) 

A«  Monopropellant  Rocket  Motor  Tests  (Cont’d.) 

3«  Non-steady  operation 

quency  appears^  but  the  Itijoctor  trace  also  shows  clearly  a 3900  cps 
oscillation  udiich  is  apparently  a characteristic  o£  the  feed  line*  Again^ 
this  particular  bit  of  data  can  not  be  used  directly  for  tlite-lag  studies 
due  to  the  phase-shift  characteristics  of  the  interim  amplifiers  and  to 
calibration  inaccuracies;  but  the  figure  clearly  demonstrates  the  ability 
of  the  recording  system  to  resolve  high-frequency  signals  into  records 
v^ose  clarity  will  permit  highly  accurate  analysis* 

B*  Hot-vire  liquid  Flow  Phassmetsr 

Discussion  of  the  results  of  testing  of  this  Instrument  appears  In 
Appendix  A|  which  is  a unit  report  of  all  work  aecoiq;>li8hsd  to  date  on 
the  hot  wire* 
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FIGURE  3 

MONOPROPELLANT  PULSING  UNIT  AND 
3/4  HP  DRIVE 


FIGURE  4: 

WONOPROPELLANT  PULSING  UNIT 
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PRESSURE  MOIMOPROPFttmrr 
TANK  INSTALLATION  Rt’ 
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FIGURE  S 

EXPERIMENTAL  SETUP  FOR  DETERMINATION  OF 
INSTANTANEOUS  FLOW-PRESSURE  RELATIONSHIP 
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INTRODUCTION 


When  dealing  with  liquid  flow|  one  la  oi'ten  confronted  with  the  problem 
of  instantaneous  mass  measurement  of  a periodic  flow  variation*  Of ten, too, 
the  additional  problem  of  slse  and  location  of  the  measuring  device  Is  of 
prime  Importance  If  the  correct  phase  of  the  periodic  flow  Is  to  be  detemlned. 
Such  a situation  presents  Itself  In  the  measurement  of  Instantaneous  mass  of 
propellant  flowing  Into  a rocket  motor,  where  the  concern  Is  for  the  point 
of  maas*iremont  to  be  af  near  as  possible  to  the  Injector  orifice*  For  the 
lower  frequency  cases,  below  100  cycles  per  second,  recently  developed  flow 
meters  (Ref*  1)  are  capable  of  indicating  the  mass  fluctuations,  but  due  to 
the  relatively  large  dimensions  of  the  sensing  elements  of  these  devices  a 
phase  correction  Is  necessary  at  the  specific  point  at  idiloh  measurement  Is 
desired  (see  Appendix  A)*  Phase  correction  made  theoretically  using  the 
characteristic  speed  of  wave  propagation  in  the  particular  liquid  in  ques* 
tlon  would  prove  insufficient  in  all  but  the  simplest  system  configurations 
due  to  variables  such  as  dissolved  gas  In  ths  liquid,  lins  slsstioity,  and 
the  geometry  of  the  system*  In  order  to  determine  this  phase  oorrsotion  s 
new  messurlng  device  is  called  for* 

Confronted  with  a similar  problem  in  gases,  one  would  turn  to  a hot* 
wire  anemometer*  Attention  wss  turned  to  the  possibilities  of  adapting 
such  a device  to  liquid  flow  msasurument.  Characteristics  of  the  air  hot- 
wire anemometer  which  would  fulfill  the  liquid  measurement  requirements, 
provided,  of  course,  a liquid  instrunent  could  be  made  to  work,  include  the 
ability  to  pick  up  high  frequency  flow  fluctuations,  small  probe  dimensions, 
and  dependability  of  operation  brought  about  by  the  large  amount  of  pre- 
vious work  devoted  to  improving  its  performance*  dince  the  basis  of  the 
hot-wire  snemometer  operation  is  that  of  sensing  the  varying  ability  of 
the  measured  moving  fluid  to  remove  heat  from  the  higher  temperature  wire. 
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THKURY 

A clearer  picture  of  some  of  the  possible  variations  between  the  air 
and  liquid  systems  may  be  hi«d'  by  referring  to  the  basic  hot'wire  equations. 
Starting  with  King's  aquation  w^iich  relates  the  heat  loss  per  unit  length 
of  vdrS)  to  the  fluid  heat  transfer  properties  times  Uie  change  in  tem- 
perature we  havet 

(1)  H = (a  + b /V)  (T  - Tf) 

where  T Is  the  wire  teraperature«  is  the  fluid  temperature«  V is  the 
fluid  velocity^  a is  the  constant  connected  with  radiation  and  free  con- 
v«ction«  and  b is  the  forced  convection  constant. 

Taking  an  energy  balance  in  the  wire,  the  energy  stored  is  equal  to 
the  incoming  electrical  energy  minus  the  heat  losses  ori 

(2)  ^ - (a  + bjl)  (f  - Tf) 

where  i Is  the  current  through  the  wire  and  K is  the  instantaneous  wire 
resietenee  (Ref,  2). 

Using  equation  (2)  and  the  expresslont 

O)  |H  , g 

which  relates  the  increase  in  the  energy  of  the  wire  to  the  increase  in 
its  tmperature«  idiare  m is  the  mass  of  the  wire  and  a is  ths  specific 
heat  of  the  wirsf  Dryden  (Rsf.  3)  showed  that  a heated  wire  experiences 
a phase  retardation  ^ = arctanMw  (<*> » 2 7T  frequency)  wldle  the  amplitude 
is  reduced  to  ^ of  the  original  value.  M is  the  time  constant 

for  a heated  wire  at  a given  heating  ourrt^nt  and  operating  temperature  and 
has  the  dimensions  of  time.  It  is  related  to  the  other  parameters  as 


follows! 

(i;)  M = U.ans  (T  - Tf_) 

12R£ 

\4iero  7 is  the  averuge  tempernturo  of  the  wire  and  the  subscidpt  f in- 
dicates the  condition  at  fluid  temperature  (Ref*  2)* 

Using  equation  (l^)  some  Idea  of  the  relative  magnitude  of  the  tine 
constant  In  the  liquid  case  considering  the  wire  alone  can  be  seen  from 
the  following  example*  Using  a probe  of  .002  inch  dimeter  nickel  wire 
(many  times  larger  than  the  air  hot-wire  due  to  necessary  strength  con- 
siderations), *2  Inches  In  lengthy  In  water  of  temperature  20°C  with 
vdre  heating  current  of  1*5  aap***  If  we  assume  the  wire  reaches  a tem- 
perature of  70^0**^  for  70  feet  per  second  flow  we  find  that  M is  of  the 
order  of  *005  seconde*  Although  this  value  Is  several  times  greater  than 
the  time  constant  aseoclated  with  air  hot-wire  anemometere>  which  are  of 
the  order  •001<M<*002  seconde  for  corresponding  air  speeds  (Ref*  2)*  It 
Is*  however*  of  the  sane  order  of  magnltudei  and  further  current  ^ereeie 
would  tend  to  make  the  difference  even  smaller*  Therefore*  the  eharaoter- 
Istlos  of  the  hot-wires  operating  in  gas  and  liquid  msdls  are  seen  to  be 
essentially  the  same* 


e based  on  uiqserimental  date* 

**  Approximation  based  on  heat  transfer  data  of  nickel  wire  In  weter* 
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LIQUID  HOT-WIRE  ANEMOMETER 

We  shall  now  consider  the  actual  physical  makeup  of  the  liquid 

apparatus  used* 

To  fulfill  the  phase  measurement  requirement^  a very  particular 
hot-wire  anemometer  was  necessary.  In  the  frequency  range  below  200 
cycles  per  second  In  wiiich  we  are  Interested, even  the  fine  wires  oper- 
ating In  air  have  to  be  compensated  for  a wire  time  lag.  In  this  fre- 
quency range  and  higher,  the  larger  wires  anticipated  for  use  In  the 
liquid  flow  measurement  would  certainly  require  oonpensation.  Investi- 
gation into  the  various  systems  which  would  fulfill  this  requirement 
•honed  that  the  electronic  circuit  of  the  hot-tdre  equipment  used  by 
the  NACA  at  the  Lewis  Flight  Propulsion  Laboratory  offered  the  most 
promise  as  a basis  for  possible  liquid  work.  This  was  due  to  the  fact 
that  the  constant-temperature  system  as  used  by  NACA  operates  the  wire 
with  continuous  compensation  due  to  a continuously  varying  feed-back 
voltage.  With  this  method  the  greater  part  of  the  variation  of  current 
and  resistance  Is  removed  by  the  use  of  a hlgh-galn  amplifier  and  appro- 
priate bridge  circuit  which  maintains  the  wire  resistance  and  hence  the 
wire  temperature  practically  constant.  Using  this  system,  the  equipment 
has  a frequency  response  in  air  on  the  order  of  ii0,000  cycles  per  second, 
while  the  voltage  feed-back  cooqiensates  for  a time  lag  in  wire  response 
\q>  to  a range  of  20,000  cycles  per  second.  The  standard  constant-current 
type  hot-wire  anemometer,  on  the  other  hand,  seldom  exceeds  10,000  to 
20,000  cycles  per  second  In  response,  and  requlree  compensation  to  make 
It  useful  as  a phase  measuring  device  at  all  but  the  lowest  frequencies 
(Refs*  4 and  5)* 


.imm*  ivit^rom’ytsnmiKmar 
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In  selecting  the  material  for  the  probe  vfire  the  foHowi.ng  factors 
were  taken  Into  accounti 


1»  Strength  and  durability 
2.  Sonsitivlty 
3*  Sase  of  handling 

In  considering  tungsten^  nickel,  and  platinum  as  tliree  p>o8slble  wire 


materials,  the  follovdng  table  Is  infomatlvet 

Tensile  Electrical  Temp,  Coefficient 

Strengd^  k'eelstiYity  of  keelstance  "" 


Material 


(Ib/sq*  in.)  (micro  ohm-c,. ) 


(ohm»cm./®C) 


Tungsten  (hard)  590,000 
Nickel  (hard)  155,000 
Platinum  50,000 


5.51 

7.6 

10.0 


.00U5 

.006 

.003 


Based  cn  20*^C,  Reference  6 


Tbmgsten  is  seen  to  for  surpass  the  other  two  metals  as  far  as 
strength  is  concerned;  however,  when  considering  durability  the  fact  that 
tungsten  is  susceptible  to  oxidation  would  prove  a decided  disadvantage 
if  extended  repeatable  operation  Is  considered.  Nickel  would  seem  a 
logical  second  choice  in  this  category.  Concerning  sensitivity,  both 
high  temperature  coefficient  of  resistance  ar.d  high  resistance  are  desir- 
able. It  is  seen  that  the  temperature  coefficient  of  resistance  of  the 
nickel  wire  is  one  third  greater  than  that  of  the  tungsten,  an  important 
advantaga.  The  actual  resistance  of  a given  length  of  wire  is  determined 
from  the  relationt  R »fL/A,  and  since  for  a given  application  the  rel- 
ative strengths  determine  the  wire  area,  A,  the  resistance  for  a given 
length, H , Is  a logical  comparison  of  the  relative  merits  of  the  wires. 
Thus,  although  the  reslatlvlty  of  tungsten  is  the  lowest, it  would  prove 
the  best  choice, with  nickel  second.  Another  look  at  equation  (li)  reveals 
that  taiigsten  would  have  the  advantage  on  a minimum  time  constant  basis. 
Considering  the  practical  aspect  of  ease  of  handling  we  find  tliat  from 
this  standpoint  the  advantage  lies  with  nickel  and  platinum,  since  ooth 
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can  bo  soft- soldered,  while  tungsten  requires  woldine  or  plating  before 
so.ldering  to  attach  it  to  the  wire  supports.  Since  we  are  working  with 
liquids,  high  sensitivity  is  required,  and  oxidation  might  hinder  the 
ability  to  reproduce  results.  Furthermore,  plating  and  precision  weld- 
ing facilities  were  not  available,  and  so  nickel  was  chosen  over  tungsten 
as  the  probe  material. 

The  wire  sensitivity  can  be  further  Increased  by  the  proper  probe 
design.  As  has  already  been  seen  from  equation  (1),  the  smallest  wire 
diameter  possible  for  the  limiting  operating  oonditions  is  desirable  duo 
to  high  R and  low  m conaideratione.  Using  the  probe  dimenaione, 
namely  the  limiting  distance  separating  the  wire  supports,  as  the  basis 
for  determining  the  wire  slse,  tests  were  cuuducted  which  daiaonstrated  that 
the  ,002  inch  diameter  wire  withstood  the  flow  conditions  without  breakage. 
S>ialler  wires  ma>'  be  used  vrlth  similar  flow  speeds  if  initial  flow  surges 
are  not  a factor  to  be  concerned  with  as  was  the  case  in  this  particular 
application. 

With  the  wire  material  and  size  determined  and  the  maxiinum  current 
limited  by  surface  bolli.ng  (surface  boiling  caused  signal  disturbances), 
the  problem  of  Increasing  the  sensitivity  of  the  probe  required  further 
oonslderation.  Again  using  equation  (ii)  ae  a design  basis  It  is  seen  that 
the  sensitivity  can  be  Increased  while  m remains  fixed  if  we  lengthen 
the  wire  (since  m Is  proportional  to  R for  a given  diameter  wire),  Uf 
course,  this  still  necessitates  wire  support  at  the  some  interval  if  the 
wire  is  to  remain  intact.  This  was  accomplished  by  coiling  the  wli’e  a- 
round  two  fixed  plastlc>coated  probe  supports.  The  probe  supports  used  ex- 
tended from  the  electrode  and  ground  on  a modified  model  spark  plug,  Tiia 
plug  serves  as  a pressure  seal  when  the  probe  is  seated  in  the  housing, 
>diere  the  housing  also  serves  as  a part  of  a rocket  propellant  injector 
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assuinbly  (Fip.  1)» 

Concerninti  other  components  in  the  system,  the  auxiliary  current 
supply  was  made  similar  to  that  proposed  by  NACAo  However,  suitable 
changes  were  made  to  provide  the  magnitude  of  current  necessary  in  our 
application  (see  Fig,  2 for  the  diagram  of  the  bridge  and  auxiliary 
current  supply).  In  the  amplifier  itself  a pair  of  trimmers  were  sub- 
stituted for  the  fixed  condensers  as  noted  by  the  asterisks  In  Fig,  3* 
This  change  made  possible  a better  balancing  of  the  two  halves  of  this 
push-pull  t^pe  amplifier,  A second  change  was  made  in  the  manner  of 
bridge  balance  indication  in  that  a Mllllvac  variable-range  voltmeter 
was  substituted  for  the  galvanometer  used  by  NACA,  Other  than  these 
changes  the  circuit  remained  the  same  as  that  used  in  the  air  operation 
(see  Fig,  h for  photo  of  entire  apparatus). 

In  order  to  c>est  the  operation  of  the  probe,  bridge,  constant  tem- 
perature hot-wire  aja{)lifler,  and  auxiliary  current  supply,  vdien  operating 
as  a unit  c small  a,c,  signal  was  fed  Into  Uie  bridge  and  the  resulting 
output  signal  was  noasured  with  the  amplifier  on  and  off*  The  ratio  of 
the  two  signals  gave  a measure  of  the  amplifier  characteristics  In  the 
final  circuit.  A comparison  of  these  results  with  the  original  NACA 
circuit  Is  shown  In  Fig,  5*  The  two  curves  show  a very  flat  response 
c'naraooerlstic  for  a considerable  frequency  range  above  the  range  of 
interest*  Ihe  higher  amplification  of  our  system  Is  due  to  the  increased 
amplifier  setting  (150  ma  versus  80  ma  for  the  NACA  test),  tliJ.s  being  the 
range  used  during  the  operation  of  the  equipment* 


METHODS  OF  CALIBRATION 
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Several  methods  were  used  in  an  attempt  to  determine  the  hot-wire 
time  lag  in  actual  liquid  operation.  The  first  method  tried  utiliaed 
the  arrangement  shown  in  Figs*  6a  and  6b*  This  consisted  of  a small 
hi^  speed  motor  (maximum  $^000  rpm)  driving  an  8 inch  diameter  disc  on 
the  rim  of  which  was  attached  a one  sixteenth  inch  chord  "double  wedge 
shaped"  pin*  This  pin  interrupted  the  flow  of  water  periodically*  The 
hot-wire  probe  (a  single  wire  probe  was  sufficient  on  a signal  amplitude 
basis  in  this  case)  was  mounted  in  the  water  stream  below  the  disc* 

Above  the  disc  was  mounted  a photoelectric  cell  unit  and  a light  source* 
Light  was  reflected  from  a mirror  located  on  the  upper  surface  of  the 
disc  causing  the  photoelectric  cell  to  operate  periodically*  The  position 
of  the  mirror  and  the  water  stream  was  adjusted  In  a static  condition 
such  that  a signal  was  sent  by  the  photoelectric  cell  to  a dual-beam  os- 
cilloscope whenever  the  stream  was  Interrupted  by  the  pin  (the  exact  set- 
ting having  been  made  tdien  the  pin  was  directly  above  the  single-wire 
probe)*  Knowing  the  starting  point  of  the  flow  discontinuity!  the  water 
velocity  (which  was  determined  flow  measurements  and  the  area  of  the 
flow  tube  as  shown  in  the  calibration  curves  of  Fig*  7),  and  the  distance 
between  pin  and  hot-wlref  we  then  have  the  expected  time  for  the  hot-wire 
response*  Any  displacement  of  the  hot-wire  signal  would  represent  the 
lag  of  the  wire* 

Ihe  width  of  the  pin  was  kept  to  the  order  of  1^  of  the  circum- 
ference of  the  disc  in  order  that  the  signal  could  be  precisely  deter- 
mined* A rectangular  cross  section  stream  was  used  to  eliminate  the 
effects  of  the  pin  as  it  entered  and  left  the  circular  stream  before 
arriving  at  a position  directly  above  the  hot-wire  (see  Fig*  8)*  This 
system  met  with  difficulty  at  times  due  to  turbulance  along  the  edges 
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of  the  less  than  .0$-inch  width  stream,  producing  a groat  nmber  of  raadom 
signals*  Exact  placement  of  tha  probe,  however,  allowed  a number  of  satis- 
factory runs* 

A second  approach  to  the  problem  was  that  of  introducing  a velocity 
distribution  as  close  as  possible  to  a step  function  in  the  liquid  flow* 

Ihe  equipment  used  to  produce  such  a flow  (see  Fig*  I3)  consisted  of  a 
known  weight  striking  a piston  with  a known  velocity  which  Induced  a nearly 
Impulsive  velocity  to  the  piston  itself*  Since  tho  piston  was  Immersed  in 
a water  filled  cylinder,  the  Impulsive  motion  transmitted  to  the  liquid 
caused  propagation  of  liquid  waves  from  the  piston  surface*  The  waves 
traveled  the  length  of  the  larger  cylinder  and  were  reinforced  as  they 
entered  the  smaller  diameter  tube  leading  to  the  hot-wire  probe*  The 
probe  used  in  this  System  was  desoribed  previously  on  pages  7 and  8. 

There  were  two  principal  efforts  in  this  cases  1)  to  determine  the 
exact  time  the  wave  was  originated  and,  knowing  the  water  distance,  to 
oowpKf  the  wave  arrival  time  with  the  signal  which  was  sent  from  the  hot- 
wire probe;  7)  to  analyse  the  shape  of  the  resulting  signal* 

In  order  to  fulfill  the  requirement  that  the  Initiation  of  the  wave 
oould  be  precisely  knowi  a simple  electrical  contact  was  devised  in  a 
circuit  with  a small  six  volt  light*  An  appropriate  site  condenser  was 
included  to  suppress  the  tendency  for  arcing  as  the  contact  was  broken* 
Using  a Jewelsd  Indloatoi’',  the  amount  of  movement  K^as  shown  to  be  two 
ten-thousandths  of  an  inoh  to  open  the  circuit*  ^ter  high  speed  photo- 
graphs showsd  that  any  arcing  was  plainly  visible,  so  that  the  origin  of 
piston  movement  was  readily  determined  by  this  method  (see  representative 
photograph  Fig*  14)« 


In  order  to  keep  tho  force  in5>arted  to  the  system  by  the  falling 
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uniform  and  reduce  vibrations,  a metal  block  was  centered  on  tho  upper 
end  of  the  piston  (see  Fig*  13) • This  kept  tho  point  of  contact  directly 
above  the  piston  rod*  Two  blocks  were  usedt  a lead  one  for  an  inelastic 
type,  collieion,  and  a steel  block  for  the  elastic  type  collision  and  a 
steeper  velocity  gradient  in  the  resulting  liquid  flow* 

A third  method  used  in  determining  the  hot-wire  time  lag  was  that 
of  using  a known  periodic  flow  and  comparing  it  with  the  resulting  per- 
iodic hot-’<ri.re  signal*  The  equipment  used  for  these  tests  is  shown  in 
Pig*  20a  and  the  accompanying  dlagran^*  Pig*  20b,  The  pre-modulated  flow 
was  kept  constant  with  a cavitating  venturi  (Ref.  7)*  A p\xlsing  unit 
consisting  of  a small  high  speed  piston  assembly  driven  by  a variable 
speed  motor  was  used  to  supply  the  sinusoidal  variations  in  flow  -• 
the  exact  phase  of  the  flow  being  determined  by  a photoelectric  cell, 
light  souroe,  and  mirror  cembination  operating  off  the  fly>dieal*  The 
hot-wire  probe  was  placed  in  a line  housing  adjacent  to  the  downstream 
fitting  of  this  flow  modulating  unit* 

With  such  a system,  the  effects  of  fluid  compressibility  and  in- 
ertia were  minimised  due  to  the  effect  of  the  cavitating  venturi  in 
preventing  upstream  wave  travel*  The  effects  of  line  elasticity  were 
negligibly  small  due  to  the  short  lines  between  pulsing  unit  and  hot- 
wire probe*  Those  conditions  were  necessary  in  order  that  the  total 
phase  difference  between  the  periodic  flow  at  the  pulsing  unit  and 
hot-wire  signal  would  Include  only  the  hot-wire  time  lag  and  wave  travel 
time* 


'Jsiog  the  dual  beam  oscilloscope  and  high  speed  flLm  technique,  the 
total  phase  difference  w»  ■ determined  from  the  photoelectric  cell  and 
probe  signals*  The  wave  travel  time  was  determined  theoretically  and 
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honce  a meaavire  of  the  hot-viire  time  lajj  was  obtained* 

Water  tests  were  also  run  v^lth  the  hot-wire  mounted  in  one  of  the 
rocket  motor  injoctora,  as  shown  in  Fig.  ?0b.  The  resultin';  signal  was 
similar  to  that  obtained  with  tho  arrangement  previously  described,  the 
only  system  difference  having  been  in  the  type  of  probe  housing  and  its 
location  in  the  system. 
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DISCUSSION  OP  RJiSULl'S 

Typical  data  from  the  rotating  disc  method  as  produced  on  dual 
osoillosoope  photographs  by  hot-vdre  and  photoelectric  cell  signal 
traces  are  shovn  in  Figs.  9»  10»  and  11.  Calibrations  of  tho  time 
Intervals  involved  in  this  data  wore  made  by  replacing  tho  photo* 
electric  cell  signal  with  a 1000  cycles  per  second  oscillator  input 
(see  Fig*  12)*  An  attempt  to  measure  the  time  between  signals  using  a 
^Wkeley  ^put  meter  (an  electrbnic  counter  which  records  the  mmber 
of  signals  over  an  adjustable  base  time  period)  was  discontinued  due 
to  a number  of  stray  signals  originating  in  nearby  high  voltage  equip- 
ment which  influenced  the  time  records. 

When  the  time  required  for  the  water  flow  dlsoontinui;;y  to  travel 
from  the  pin  to  the  hot-wire  is  si^Mrlnpossd  on  the  photographic  records 
(see  Fig«  9)  it  is  seen  that  the  hot-wire  signal  originates  with  no 
■sasurable  wire  time  lag.  The  time  scale  available  from  this  equipment 
was  apparently  not  oapable  of  detwmining  small  order  time  lags*  Ths 
shape  of  the  hot-wire  algnali  however*  in  this  circular  atream  ease  is 
spread  over  an  interval  of  3*3  milliseconds  (60*^  of  the  360^  total 
tween  successive  signals).  This  made  it  difficult  to  analyse  exactly 
what  was  occurring  during  the  lnetrrupti«i*  ^iginally  it  had  been  ex- 
pected that  ths  angular  duration  of  the  signal  would  be  of  the  same 
order  of  magnitude  as  the  angle  subtended  by  the  pin  on  the  disc.  Re- 
placing the  circular  sti-eam  flow  (angle  subtended  equal  to  2*5^)  with 
tha  rectangular  stream  (angle  1^)  it  was  found  that  the  signal  duration 
was  reduced  to  2.0  millisuconds  (1|6^)  >A;ile  the  point  of  the  signal 
initiation  remained  the  same  as  in  the  circular  stream  case  (from  ths 
stream  dimensions  the  difference  in  signal  initiation  would  be  .0I4 
milliseconds  idiloh  would  not  be  discernablc  on  this  time  scale)* 
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This  would  tend  to  point  to  some  change  in  the  flow  pattern  about 
the  wLr©  which  had  been  caused  by  the  change  in  the  flow  stream  dimen- 
sions* possible  explanation  of  what  takes  place  assumed  that  liquid 
droplets  remain  briefly  after  the  sudden  flow  interruption  and  thus  the 
wire  in  boiling  off  the  water  requires  a certain  period  tx>  heat  up  rather 
than  heating  almost  instantaneously  as  was  first  expected* 

Further  oomparisone  between  the  two  shaped  flow  streams  (see  Figs* 

9 and  10}  shows  that  the  reduction  in  signal  duration  was  aoconplished 
by  shortening  the  time  interval  from  signal  initiation  to  maximum  signal 
(from  1*9  milliseconds  or  35^  In  the  circular  stream  case  to  1*1  milli- 
seconds end  20*^  In  the  rectangular  stream  case)  >Aille  the  portion  of  the 
signal  from  maximum  signal  to  its  termination  remained  unchanged* 

The  photographic  record  of  the  smaller  diameter  wire  (*001  inch) 
shows  a similar  signal  shape  and  position  (see  Fig*U)»  The  increased 
stream  travel  time  indicated  by  this  figure  resulted  from  the  necessity 
of  using  a lower  liquid  velocity  In  order  to  prevent  breakage  of  the 
smaller  wire* 

Although  these  tests  Indicated  that  the  hot-wire  response  was  rapid^ 
they  were  not  conclusive  Insofair  as  wire  time  lag  wae  concerned  due  to 
the  signal  width  and  limitation  of  the  experimental  equipment*  To  obtain 
quantitative  results  on  the  wire  lag>  another  approach  was  needed*  and 
the  piston-impulse  apparatue  described  earlier  was  constructed* 

When  the  lead  block  was  used  in  this  apparatus  (see  page  11  and 
Pig*  13)»  the  oscillodr ipe  photographs  of  the  hot-wire  signal  and  electric- 
al contact  revecled  an  apparant  hot-wire  time  lag  of  1.0  milliseconds  after 
the  wave  travel  time  had  been  subtracted  from  the  total  time  delay  (see 
Fig,  111),  This  was  far  in  excess  of  that  expected*  The  shape  of  the 


hot-wire  signal  was  then  «nalyaed,  revealing  that  the  major  portion  of 
the  signal  indicated  the  e^q^ecbed  constant  acceleration  of  the  fluid, 
but  that  the  initial  portion  of  the  signal  was  inconsistent  from  tide 
conaideration*  '^e  linear  portion  of  the  signal  was  extended  to  the  base 
Une  in  Pig,  II4,  and  it  was  found  that  a tune  lag  of  but  *15  - .01  mii.li- 
SvJonds  would  be  present  with  such  a signal  shape*  The  degree  of  approxi- 
mation to  the  desired  step-function  flow  rate  is  indicated  by  the  velocity- 
time  trace  of  Fig,  19,  ^oh  was  taken  with  the  hot-wire  probe  Itself* 

The  steel  blook  wae  next  used  under  similar  conditions  of  operation 
(see  Fig*  16 )•  In  ^hls  case  the  flow  more  closely  approached  a true  atop 
function  and  hence  initial  velocity  changes  at  the  hot-wire  were  more 
abrupt*  A comparison  of  similar  runs  with  lead  and  steel  blocks  showed 
that  the  final  velocity  was  reached  in  the  steel-block  case  in  less  than 
one  third  the  tine  required  by  that  of  the  load  blook  (see  Figs*  lii  and 
16)*  ihie  deformation  always  present  in  the  lead-block  case  was  also 
eULminatsd*  With  this  system  the  hot-wire  time  lag  was  shown  to  be  *15 
mllliseconde,  the  r<sme  as  the  time  lag  predicted  f^roin  the  lead-block  case* 

In  order  to  more  closely  simulate  normal  operating  conditionsi  a 
steady  flow  of  water  was  aoded  to  the  system  (see  Fig*  13) » In  this  way 
any  possibilities  of  local  static  ef >ects  In  the  area  of  the  hot-wire 
probe  or  accompanying  electronic  dlfricalties  were  eliminated*  A typical 
record  of  the  steel  block  system  with  steady  flow  is  shown  in  Fig*  18* 

It  is  seen  that  the  wire  lag  in  this  esse  is  cf  the  same  order  as  or  less 
than  the  wire  time  lag  of  the  still-water  steel-block  case,  although  e<{uct 
determination  of  the  point  or  signal  initiation  is  complicated  by  small 
flow  disturbances  in  the  fluid  sbrpnm. 


Ibie  ability  of  the  probe  to  pick  up  flow  changes  Is  illustrated  in 
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Fig,  17*  This  is  a high  airipiitude  sigml  which  clearly  shows  wave  phe- 
nomena in  ihe  accelerating  portion  of  the  fluid  flow  (still-water,  lead- 
block  test).  Those  signals  were  due  to  the  successive  wave  reflections 
off  the  ends  of  the  water-filled  cylinder.  The  wave  signal  spacing  was 
of  the  order  of  .1  milliseconds,  which  corresponds  to  a speed  of  sound 
In  water  of  !?,i>00  feet  per  second  as  determined  from  the  cylinder  dimen- 
sions, This  wave  speed  is  approximately  8;J  greater  timn  that  used  in 
the  previous  wave  travel  time  corrections  (Ref,  6), 

The  effects  of  the  amplifier  In  the  system  are  seen  by  cosiparing  a 
test  made  using  the  constant-teiqperature  method  (see  Fig,  li^)  to  a signal 
produced  under  the  same  test  conditions  with  the  amplifier  off  (see  Fig, 
15),  ^ere  It  was  found  that  the  higher  frequency  flow  signals  were  no 
longer  visible,  as  was  the  case  in  the  constant-temperature  method,  in- 
dicating a far  lower  frequency  response.  The  hot-wire  time  lag  in  this 
case  was  1,17  milliseconds  with  the  fluid  acceleration  nearly  linear 
tiiroughout  the  signal  duration. 

From  those  sets  of  tosts,  the  hot-wire  time  lag  in  water  is  seen  to 
be  of  the  order  of  «15  milliseconds,  'n\l8  would  place  the  natiural  fre- 
quency of  tht  syatem  at  6,700  cycles  per  second  which  is  considerably 
higher  than  that  required  in  our  particular  application, 

Usirq;  the  third  calibration  method  vdth  the  equipment  as  outlined 
on  pages  11  and  12,  it  was  found  that  when  the  probe  was  placed  close 
to  the  pulsing  unit  the  signal  from  the  hot-wire  was  extremely  distorted 
from  the  expected  sinusoidal  variation,  A dual  oscilloscope  photograph 
of  a typical  test  run  is  shown  in  Fig.  21,  where  the  pips  in  the  photocell 
signal  lndJ.cato  when  the  piston  in  the  pulsing  unit  is  at  dead  tx>tt.om  in 
its  stroke,  while  the  not-wlre  trace  more  closely  resembles  a saw-tooth 


VKXve.  It.  was  I'irst  bBlIeveo  ulut  Ituise  puor  results  were  duu  to  the 
fact  that  the  pi'obo  was  looutod  in  a .2i?  inch  inside  diaiiiteter  line 
which  necessit-'ited  a rapid  transition  in  line  aiise  (the  upstream  line 
size  was  .670*'  I.D.)  and  ttiat  the  liquid  wave  refxections  produced  be> 
tween  the  probe  location  and  the  cavitating  venturi  were  a nmjor  factor 
in  distorting  the  sJiape  of  the  hot-wire  signal#  /m  attempt  was  there:* 
fore  made  to  ell,minate  the  line  discontinuity  by  using  a larger  probe  in 
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a large  line  fitting  (•60**  l.u.)#  liven  when  the  % cps  signal  was 
heavily  filteredi  however)  (band  width  from  60  to  90  cycles  per  see*} 
difficulty  In  removing  extraneous  signal  i^squenclss  was  encountered) 
thus  making  any  data  inconciusive#  No  doubt  turbulance  and  cavitation 
present  in  tnls  highly  disturbed  section  were  major  factors  In  producing 
such  a distribution#  Possible  probe  changes  and  increases  in  the  pres- 
nure  level  of  the  system  could  conceivably  improve  the  results  but  such 
tests  were  deemed  inadvisable  at  the  tl<no  since  this  method  was  Intended 
to  nerve  only  as  a check  on  previous  results# 
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CONCJ.ySTOT!S 

From  the  results  obtained  in  the  piston-impulse  method  of  wire 
time  lag  calibration,  the  liquid  hot-wire  anemometer  as  used  in  these 
tests  was  shown  to  have  a wire  time  lag  of  .15  milliseconds.  This  places 
the  natural  frequency  of  the  instrument  at  approxirnately  6,700  cycles  per 
second, which  Is  quite  sufficient  for  flow  phase  determination  oonslder- 
ably  in  excess  of  the  frequency  of  possible  amplitude  measureinont  avail- 
able from  current  flownetere*  Tliese  characteristics  may  be  Improved  by 
further  development  of  probe  desi'pi,  the  use  of  finer  wires  and  higher 
current  under  less  severe  flow  conditions,  and  an  inert  ase  In  the  compen- 
sating ability  of  the  constant- temperature  an^lifier*  Further  increase 
in  the  signal-to-noiee  ratio  of  the  amplifier  would  also  aid  In  Itiproving 
the  liquid  signal  wave  shape, which  is  often  affected  by  the  high  noise 
level* 

Even  in  the  preeent  stage  of  development,  however,  the  hot-wire 
anemometer  holds  considereble  promise  as  a means  of  measuring  the  phase 
relationships  in  liquid  flows  due  to  its  ability  to  pick  up  the  higher 
frequency  llqidd  flow  variationa*  The  small  probe  siae  possible  con- 
stitutes a major  advantage  In  this  respect* 
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Factors  that  could  be  used  In  the  evaluation  of  the  deteoilna- 
tlon  of  a flow  signal  aret  1}  Antplituda^  2)  Wave-form^  3)  Fhaoe«  and 
I4)  Frequency*  In  order  to  meet  the  requirement  of  true  amplitude  de> 
termination^  considerations  such  aa  frequency  response^  attenuation, 
and  stability  of  ampUficatloa  would  dictate  the  electronic  system 
requirements*  To  determine  the  correct  wave-form,  additional  factors 
such  as  non-linear  distortion  and  the  ability  to  reproduce  the  higher 
harmonics  enter  the  picture*  As  far  as  phase  and  Arequeney  are  con- 
cerned, the  band  width  and  the  amount  of  filtering  in  the  electronic 
system  are  the  factors  that  we  are  concerned  with*  It  is  with  these 
criteria  in  mind  that  certain  characteristics  of  three  of  the  most 
modem  flowmeters  are  briefly  evaluated  here* 

Considering  first  the  Nittelmann  electronic  flovmetei*  (Refs*  1 
and  8)  in  its  present  stage  of  development,  it  was  found  that  the  in- 
strument has  a linearity  of  which  is  reliable  up  to  a frequency  of 
loo  cycles  per  second*  However,  no  phase  relationships  in  the  flow 
can  be  determined  from  this  meter*  Ihe  reason  for  the  inability  of 
equipment  to  give  phase  data  is  that  &he  flow  signal,  which  is  super- 
imposed on  a 1000  cycle  per  second  carrier  frequency,  is  first  passed 
through  a narrow-band  selective  pre-amplifier*  Since  this  narrow  band 
is  tuned  to  the  1000  cps  range  the  higher  and  lower  frequencies  (the 
lower  frequencies  Include  those  in  the  frequency  response  range  of  the 
meter)  are  considerably  out  of  phase*  This  phase  situation  Is  further 
complicated  by  the  phase  shift  In  tho  main  amplifier*  If  the  signal 
is  then  passed  through  a rectifier  to  remove  the  carrier  wave,  the  limit 
of  reliable  amplitude  determination  is  further  decreased  due  to  the 
heavy  filtering  of  the  signal  to  approximately  I4O  to  50  cycles  per  second* 
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The  Arnold  meter  (Refs,  1 and  9)»  through  the  use  of  a higher  car- 
rier frequency  (5000  compared  to  Mittelmann's  1000 ),  haa  a reliable 
response  closer  to  500  cpa.  The  Arnold  meter,  however,  is  extremely 
sensitive  to  noise  and  vibrations  due  to  the  lack  of  the  Faraday  shield- 
ing present  in  the  Mittelinann  meter,  and  considerable  zero  drift  is  also 
present  due  to  the  low  stability  of  the  electronic  system*  These  factors 
prervented  the  Arnold  meter  from  reaching  the  amplitude  accuracy  exhibited 
by  the  Nlttelmann  dev5.ce  in  the  0 - 100  cps  range,  although  its  over-all 
range  is  reportedly  greater* 

The  third  meter  is  the  true-nass-rats  flowneter  based  on  the  Cor- 
iolis force  principle  (Refs*  1 and  10,  Fig*  22)*  The  frequency  response 
of  this  instrument  in  its  current  stage  of  development  is  approximately 
200  cycles  per  second*  A*actieal  considerations  which  limit  this  res- 
ponse arei  1)  The  radius  of  the  sensing  tube  - the  smallest  possible  tube 
is  desired  for  high  response  but  the  accompanying  high  pressure  drop  limits 
the  flow)  2)  the  deflection  of  the  sensing  element  must  be  of  a certain 
magnitude  to  allow  strain  gage  detection;  and  3)  mechanical  seaJ.  problems 
and  vibration  limit  the  motor  speed  and  hence  the  limit  of  fbequenoy  res- 
ponse of  the  flow  sensing  element*  Accurate  phase  detemlnatlon  of  the 
fluid  flow  is  complicated  by  the  geometry  of  the  flow  passages  within 
the  meter,  leading  to  difficulty  in  locating  the  exact  point  of  measure- 
ment* Damping  of  the  unbonded  strain  gage  sensing  element  also  might  tend 
to  create  phase  distortions*  Ths  slnpliclty  of  this  design,  however, 
would  point  to  it  aa  a possibly  satisfactory  flow  measurement  device  in 

I 

rocket  testing* 

All  three  instruments  possess  the  highly  desirable  characteristic 
of  a linear  re.latlonship  betwe>sn  output  signal  and  flow,  i*e*,  the  electro- 
magnetic meters  are  based  on  flow  velocity,  while  the  Li  flowmeter  is 
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mass  lOow  rate.  With  any  of  these  meters  operatihg  as  close  as 

P-iols  to  the  point  „hore  flov  measurement  Is  UeslreU.  U Is  se«,  that 

We  phase  must  be  doter».lned  at  tl»  point  b,  a seoaret. 

..  * separate  means  since  all 

three  fail  to  give  sufficient  phase  data. 
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FIGURE  6b: 

VIEW  OF  PHOTOELECTRIC  CELL  AND  LIGHT  SOURCE 
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FIGURE  20ot 

PUL9N6  UNIT-PHOTOELECTRIC  CELL  ARRANGEMENT 

( 3rd  SYSTEM) 
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FIGURE  21- 

i'YPICAL  RUN  USING  1/4"  LINE  HOUSING 


